Ribavirin (1-b -D-ribofuranosyl-1H-1,2,4-triazole-3-carboxamide), a synthetic guanosine analogue, is phosphorylated intracellularly to exert antiviral activities against DNA and RNA viruses.
Ribavirin-induced hemolytic anemia is likely due to excessive accumulation of phosphorylated ribavirin in erythrocytes. [9] [10] [11] [12] Once incorporated into erythrocytes via es-type nucleoside transporter, 13) ribavirin is subjected to intracellular phosphorylation and converted to its phosphorylated metabolites. 14) Therefore the concentration of erythrocyte ribavirin including phosphorylated metabolites is 160-fold higher than that in plasma. 9, 10) Recent studies have revealed that erythrocyte ribavirin induced intracellular ATP deficiency, leading to downregulation of the hexose monophosphate shunt resulting in accelerated oxidative damage on erythrocyte cell membrane. 15) Significant alterations including band 3 aggregation were also found; these are known associated with erythrophagocytosis in reticuloendothelial system (RES). 15) Intracellular ATP deficiency may cause ATP-dependent morphological transformation 16) and enzyme activity modification in erythrocytes. It is widely accepted that erythrocytes with ATP deficiency decrease in deformability, which is associated with erythrocyte removal in RES. ATP depletion is known to produce phosphatidylserine (PS) exposure on plasma membrane by inactivation of ATP-dependent aminophospholipid translocase activity. 17) Since PS exposure is a key step for phagocytic removal in various cells including thalassemic erythrocytes, 18, 19) its association with ribavirin-induced hemolytic anemia may arise.
In the present study, we examined morphological transformation and PS exposure in ribavirin-treated erythrocytes invitro in association with intracellular ribavirin accumulation and ribavirin-induced hemolytic anemia.
MATERIALS AND METHODS

Materials and Reagent Solutions
Ribavirin, dipyridamole, and 3-methoxycitidine methosulfate were purchased from Sigma-Aldrich (St. Louis, U.S.A.). Annexin V-fluorescein isothiocyanate conjugate (FITC) Kit was purchased from Immunotech, Beckman-Coulter (Miami, U.S.A.). All other reagents and solvents for assay were of analytical or reagent grade and were purchased from Wako Chemicals (Osaka, Japan) and Sigma-Aldrich.
Ribavirin Treatment of Erythrocytes Whole blood was obtained into heparinized tubes from a healthy subject and was centrifuged at 1000ϫg. Erythrocytes were isolated by removing the supernatant, washed 4 times with 3 volumes of PBS and suspended in HEPES-buffered Tyrode solution (137 mM NaCl, 2.7 mM KCl, 12 mM HEPES, 1 mM MgCl 2 , 2 mM CaCl 2 , and 5.6 mM dextrose; pH 7.4) to make the 20% hematocrit preparation. The erythrocyte suspension was incubated with ribavirin (1 mM) in the presence/absence of dipyridamole (25 mM) at 37°C.
Determination of Ribavirin Ribavirin concentrations including phosphorylated metabolites in erythrocytes were determined by high-performance liquid chromatography (HPLC) as previously described. 11, 20) Briefly, incubation mixture was divided into two portions, one for determining ribavirin concentration in supernatant (C sup ) and the other for that in whole sample (C w ). Both samples were added with internal standard (IS) and treated with phenyl boronic acid (PBA) column (Bond Elute PBA; Varian, Palo Alto, U.S.A.) to extract ribavirin and IS. Whole sample was subjected to acid phosphatase (Sigma-Aldrich) digestion to hydrolyze the phosphorylated metabolites to ribavirin prior to PBA column extraction. The extracts were analyzed by HPLC (model 8020 system, Tosoh, Tokyo, Japan) equipped with a C18 re-verse-phase column (TSK-Gel ODS-80Ts, Tosoh). The detection wavelength was set at 225 nm. The mobile phase solvent, 10 mM ammonium phosphate buffer (pH 2.5), was pumped out at a flow rate of 1.0 ml/min. The concentration of ribavirin in erythrocytes (C rbc ) was calculated by the following equation: C rbc ϭ[C w ϪC sup (1ϪHct)]/Hct, where Hct is the hematocrit (the value is 0.2).
Microscopic Assessment Morphological transformation of erythrocytes was compared among the preparations: nontreated, ribavirin alone, dipyridamole plus ribavirin, and dipyridamole alone following 27-h incubation at 37°C. Microscopic assessment was conducted with Wright-stained smears of the cells. Thin smears were immediately prepared from incubated erythrocytes using clean transparent glass slides. The smears were air-dried at room temperature, stained through standard Wright's procedure, and examined by light microscopy. The erythrocytes were counted under ϫ400 magnification. For each sample, 150-300 cells were studied.
Flow Cytometric Analyses and Detection of PS Exposure PS exposure was measured by binding of FITClabeled annexin V using the Annexin V-FITC Kit. Briefly, incubated erythrocytes were resuspended in 1000 volume of binding buffer (137 mM NaCl, 2.7 mM KCl, 12 mM HEPES, 1 mM MgCl 2 , and 2 mM CaCl 2 ; pH 7.4). Annexin V-FITC solution (5 ml) was added to 495 ml of suspension and incubated for 10 min on ice in the dark. 
RESULTS AND DISCUSSION
Ribavirin including phosphorylated metabolites was accumulated in the erythrocytes with the plateau level of 1361 mM when incubated with 1 mM of ribavirin for 18-h. Dipyridamole (25 mM), an inhibitor of es-type nucleoside transporter, reduced accumulation of ribavirin by 40.7% (807 mM). These intracellular levels for ribavirin corresponded to the steady state erythrocyte levels (800-1600 mM) in HCV patients receiving ribavirin. 9, 10) Since erythrocyte ribavirin concentration Ͼ1000 mM has been reported a risk for ribavirininduced anemia, 10) it is interesting to compare the ribavirintreated erythrocytes with and without dipyridamole in terms of intracellular ribavirin of lower and higher than 1000 mM, respectively.
Microscopic assessment revealed that transformation into echinocytic form was observed in 86.4% of erythrocytes treated with ribavirin ( Table 1, Fig. 1B ), whereas little change was observed in control (Table 1 , Fig. 1A ) and dipyridamole alone (Table 1) . Pre-treatment with dipyridamole decreased the ribavirin-induced echinocytic transformation to 20.0% (Table 1, Fig. 1C ). Flow cytometry revealed that erythrocytes treated with ribavirin showed a relative decrease in FS with upward shift in SS (Fig. 1E ) compared with control ( Fig. 1D ), while treatment with dipyridamole alone (not shown) and dipyridamole plus ribavirin (Fig. 1F) showed little shift in the FS and SS profile. Mean FS for non-treated, ribavirin alone, dipyridamole plus ribavirin, and dipyridamole alone was 541, 499, 560, and 564, respectively and SS, 539, 701, 578, and 579, respectively. Echinocytic transformation is commonly observed in erythrocytes with ATP deficiency. 16) Since these cells have less deformability and are easily removed in RES, they are difficult to detect in circulating blood in vivo. Although echinocytes have not been reported in patients receiving ribavirin so far, a decrease in mean cell volume of erythrocyte and mean cell Hb was found during ribavirin treatment, 21) suggesting that morphological change in erythrocyte is induced by ribavirin treatment. The present in vitro study revealed for the first time that intracellular ribavirin accumulation induced echinocytic transformation. Flow cytometric analysis demonstrated that ribavirin-treated erythrocytes had a decrease in FS with prominent upward shift in SS compared with control, presumably supporting the morphological change shown by microscopy ( Fig. 1) .
The ratio of PS-exposing erythrocytes was increased by ribavirin treatment (2.15%) compared with control (0.87%) and dipyridamole alone (0.62%) ( Table 1) . Ribavirin-induced PS exposure was eliminated by inhibiting intracellular ribavirin accumulation with dipyridamole (0.62%; Table 1 ). These observations suggest that intracellular ribavirin also induced PS exposure on the outer leaflet of erythrocyte plasma membrane.
Both echinocytic transformation and PS exposure are associated with intracellular ATP reduction in erythrocytes. 16, 17) De Franceschi et al. reported that 1 mM of ribavirin produced 55% reduction of erythrocyte ATP levels and induced oxidation damage on cell membrane by inactivating the ATPdependent anti-oxidation system, hexose monophosphate shunt. 15) Aminophospholipid translocase, which maintains PS at the inner leaflet of plasma membrane, 17) is also one of the ATP-dependent enzymes. It is well known that inactivation of this enzyme produces PS exposure on the outer leaflet of plasma membrane, which is recognized by macrophages possessing PS receptor. [22] [23] [24] [25] In our in-vitro system, it was suggested that PS exposure on the erythrocyte membrane was induced by intracellular accumulation of ribavirin in erythrocytes.
Although the change in PS exposure was smaller than that for echinocytic formation, PS exposure possibly participates in ribavirin-induced anemia. Bonomini et al. found that the ratio for PS-exposing erythrocytes was increased in patients with chronic renal failure (CRF) (2.32%) and patients on hemodialysis (HD) (3.06%) compared with control subjects (0.68%). 26) They proposed that increase in PS exposure for CRF and HD patients might be associated with anemia, which is common in these individuals. Since the ratio for PS exposure on ribavirin-treated erythrocytes (2.15%) was comparable to that for CRF patients, PS exposure may be attributable to ribavirin-induced hemolytic anemia, even though the change in the ratio was small.
We conclude that intracellular ribavirin increases the number of PS-exposing erythrocytes and echinocytic transformation, both of which may accelerate erythrophagocytosis in RES, as well as oxidation damage, in patients treated with ribavirin.
